Although different call admission control (CAC) schemes have been proposed for cellular-wireless local area network (WLAN) interworking systems, no studies consider mobile stations (MSs) only with a single interface (for either WLANs or cellular networks) and thus these MSs will experience higher call blocking and dropping probabilities. In this article, we propose a new CAC scheme that considers both the MSs with a single interface and with dual interfaces. By employing the concept of guard-bands, the proposed CAC scheme gives higher priority to MSs with a single interface than those with dual interfaces to accommodate more MSs. The call blocking and dropping probabilities are analyzed using Markov chains and how to determine appropriate guard bands for CAC is investigated through cost minimization problems. Analytical and simulation results demonstrate that the proposed scheme can achieve lower blocking probabilities compared with existing schemes that do not include single interface MSs.
Introduction
Recently, different types of wireless networks, such as cellular networks, worldwide interoperability for microwave access (WiMAX), and wireless local area networks (WLANs), have widely been deployed. These wireless networks have quite different characteristics; for instance, cellular networks provide ubiquitous coverage with low bandwidth whereas WLANs provide high data rates at cheap cost but can only provide lower mobility. In fact, none of these wireless networks can satisfy the wide ranging requirements from diverse users and this is the key motivation for integrating these heterogeneous wireless networks for providing users with the best connectivity (ABC) at all times [1] .
Extensive work has been done in the integration of heterogeneous networks [2] [3] [4] [5] [6] [7] [8] [9] and to allow seamless mobility across these heterogeneous networks (i.e., vertical handoff), two integration architectures, having both tightly coupled and loosely coupled architectures, have been introduced in [2, 3] . In [4, 5] , vertical handover decisions where an mobile station (MS) selects the most appropriate network to avoid unnecessary handovers and wastages of resource have been proposed. The resource allocation in heterogeneous wireless networks has been investigated in [6] [7] [8] [9] ; the study in [6] investigates the admission control strategies for the data traffic in a hierarchical system consisting of macrocell and microcell layers; the authors of [7] introduce the first WLAN scheme and analyze its performance; Song et al. [8] determine an admission control scheme in which MSs try to access networks with specific probabilities for the maximum number of users; and Stevens-Navarro et al. [9] introduce an admission control scheme for multi-services. In these previous studies, it is assumed that all MSs have dual interfaces to cellular/WLAN systems and they can access both systems even though it is obvious that some MSs have only one interface, either cellular or WLAN. Therefore, the existing call admission control (CAC) schemes may lead to an "unfair" situation because they treat single-and dual-interface MSs equally. Specifically, WLAN-only and cellular-only MSs can be admitted to only WLAN and cellular networks, respectively, and therefore they experience higher call blocking/dropping probabilities than MSs with dual interfaces. Consequently, it is necessary to give higher priority to WLAN-only or cellular-only MSs for CAC in cellular/WLAN systems.
In this article, a new CAC scheme is proposed that considers heterogeneous types of MSs. In the proposed scheme, a well-known guard channel scheme is examined to give high priority to both the handover MSs and the single interfaced MSs. For performance evaluation, analytical models based on Markov chains are developed to analyze the call blocking and the call dropping probabilities. Furthermore, the optimal allocation of the guard channels is investigated by formulating cost minimization problems. Analytical and simulation results are presented which demonstrate that the new proposed scheme can achieve lower call blocking and call dropping probabilities than existing schemes because cellular-or WLAN-only MSs have higher priorities than the dual-interfaced MSs.
The rest of the article is organized as follows. Sections 2 and 3 describe the system model and the proposed CAC scheme considering heterogeneous MSs. Section 4 analyzes the performance of the CAC scheme through Markov chains. Section 5 presents numerical results and Section 6 describes the main conclusions from the research presented in the article.
System model
As shown in Figure 1 , we consider a network architecture where a WLAN hotspot is overlaid within a cell. It is assumed that the WLAN hotspot is not located at the boundary of the cell. In the WLAN coverage, MSs with both WLAN and cellular interfaces can access both systems and therefore the WLAN coverage area is referred to as a "double coverage" area. On the other hand, the region outside the WLAN is denoted as a "cellular only" area [7] [8] [9] , i.e., a cell area consists of a double coverage area and a cellular only area. Hereinafter, 'dca', 'coa', and 'ca' stand for double coverage areas, cellular only areas, and cell areas, respectively. Table 1 lists the important notations used in this article.
We consider three types of MSs, namely, WLAN-only, cellular-only, and dual-interfaced MSs. A WLAN-only MS has only a WLAN radio interface and the calls from the WLAN-only MS (i.e., WLAN-only calls) cannot be serviced in the cellular only area. On the other hand, a cellular-only MS has only a cellular radio interface and the calls originated from the cellular-only MS (i.e., cellular-only calls) can be accepted only by the cellular network even in double coverage areas. A dual-interfaced MS with WLAN and cellular interfaces can clearly access both the WLAN and the cellular network interfaces in the double coverage areas. Hence, we refer to the calls from dual-interfaced MSs as dual access calls. Also, we assume that dual-interfaced MSs can be accepted only in either the WLAN or the cellular network at a time, that is, we do not consider that the dual-interfaced MSs simultaneously use both networks for traffics. To consider these heterogeneous types of MSs, call requests need to be classified into WLAN-only calls, cellular-only calls, and dual access calls. In the proposed scheme, it is assumed that the types of MSs are provisioned to a certain server such as home location register (HLR) and the CAC entity can obtain the types of MSs from the server or the types of MSs can be queried to MSs on receiving call requests. Throughout this article, 'c', 'w', and 'wc' stand for cellular-only, WLAN-only, and dual access calls, respectively. Figure 1 illustrates the call arrival rates and the handoff rates in different areas. In this article, all call arrivals are assumed to follow Poisson distributions. We do not consider handoffs between two WLANs due to sparse deployments of WLANs, and therefore there exists only new calls from WLAN-only MSs whose arrival rates are denoted as λ dca w . New calls from cellular-only MSs can be generated in a double coverage area or a cellular only area, and their arrival rates are given by λ dca c and λ coa c , respectively. On the other hand, the handoff rate of cellular-only MSs is denoted by λ c→c c
. A dual-interfaced MS can generate new calls in a double coverage area and in a cellular only area, and the arrival rates are given by λ dca wc and λ coa wc , respectively. The horizontal handoff rate between two cells is λ c→c wc , whereas the vertical handoff rates from a WLAN to a cellular network (upward vertical handoff) and from a cellular network to a WLAN (downward vertical handoff) are denoted by λ w→c wc , and λ c→w wc , respectively. We adopt the non-uniform mobility model within a single cell as in [7] where users in double coverage and cellular only areas have different mobility behaviors since WLAN hotspots are usually deployed in indoor environments and thus the users in the double coverage area have low mobility. Specifically, the residence time in the double coverage area, T dca , is assumed to follow an exponential distribution with mean 1/η dca . On the other hand, the residence time in the cellular only area, T coa , has an exponential distribution with mean 1/η coa . As illustrated in Figure 2 , the MSs moving out the WLAN coverage enter the cellular-only area. The MSs moving out of the cellular-only area can enter the double coverage area with probability p coa dca , whereas they move to neighbor cells with the probability p coa coa [7] . The MS entering the double coverage area from the cellular only area can move to cellular-only areas later.
The residence time of a WLAN-only MS within a WLAN area has the same distribution as T dca . Dual access calls generated with the double coverage area can be admitted to either a WLAN or a cellular network.
The residence time in the double coverage area of dual access calls admitted to the WLAN has the same distribution as T dca . The dual access calls admitted to the cellular networks are assumed to stay in the cellular networks when vertical handoff requests to the WLAN are not allowed since dual-interfaced MSs can send call requests to the WLAN without breaking connections to the cellular networks. Hence, the residence time in the cell of dual access calls admitted to the cellular network in the double coverage area, T 
, where N dca and N coa are the number of entrances of the double coverage area and the cellular-only area until the MS moves out the cell, respectively. On the other hand, the cell residence time of a cellular-only calls originated at the cellular-only area, T ca c,coa , can be obtained as
. We assume that the call duration T v follows an exponential distribution with mean 1/μ v [7] [8] [9] . Since the call duration time and cell residence time are independent, the WLAN channel holding time of a WLAN-only call 
CAC with heterogeneous MSs
In this section, we first introduce the motivation of the proposed call admission scheme. After that, the voice call capacities of WLANs and cellular networks are derived, and a CAC scheme with guard channels is proposed.
Motivation
WLAN-only MSs cannot retry to the cellular network even though their call requests to the WLAN are blocked while dual-interfaced MSs in the double coverage areas can retry the cellular network. Therefore, it is necessary to assign higher priority to call requests from WLANonly MSs to avoid unfairly higher blocking/dropping of the WLAN-only calls. Similar to the WLAN-only calls, cellular-only calls can access only the cellular networks, while dual-interfaced MSs have chances to access the WLAN in the double coverage area if their call requests to the cellular network are blocked. Dual-interfaced MSs try first the WLAN in the double coverage area to utilize the larger bandwidth of the WLAN. In addition, in the WLAN, vertical handoff calls have higher priority than new calls (e.g., WLAN-only or dual access calls) since the vertical handoff call dropping causes significant degradation in user satisfaction.
On the other hand, in the cellular network, dual access calls in the cellular-only area, cellular-only calls, horizontal handoff calls, and upward vertical handoff calls all compete for the same resource in the cellular network. We categorize these calls into (1) new calls including dual access calls blocked in the WLAN, (2) horizontal handoff, and (3) vertical handoff calls from the WLAN to the cellular networks. Dual access calls in the cellular-only area, cellular-only calls, and dual access calls blocked in the WLAN are eventually blocked if they are blocked in the cellular networks. Hence, these calls are classified into the same category. Upward vertical handoff calls are treated with the highest priority because of similar reasons with downward vertical handoff calls. Horizontal handoff calls have medium priorities since the dropping of these calls causes degradation in user satisfaction but horizontal handoffs do not need more signaling messages than vertical handoffs.
Voice capacity of WLANs
A voice call consists of uplink and downlink connections. When there are N voice calls in the WLAN, the N MSs send uplink voice traffic requests and all downlink traffic requests are processed at the AP. As reported in [10] , in the distributed coordinated function, the collision probabilities of the MS and the AP, denoted as p AP and p MS , respectively, are expressed as
where τ MS and τ AP are the transmission probabilities of the MS and the AP, respectively, and the r AP and r MS are the queue utilizations of the AP and MS, respectively. From Equations 1 and 2, the maximum number of voice calls when r AP and r MS are less than 1 (i.e., voice capacity C w ) can be obtained.
Voice capacity of the cellular network
Since the uplink and the downlink are separate in time or frequency in cellular networks, the voice capacities of both the uplink and the downlink channels can be obtained individually. Then, we consider the voice capacity of cellular networks, C c , as the minimum value of the uplink and downlink voice capacities. The uplink voice capacity can be evaluated based on an uplink load factor [11] , which can be expressed as
, R j , and v j are the number of users in the own cell, the uplink other-to-own cell interference ratio, the chip rate, E b N 0 of the jth user, the bit rate, and voice activity factor, respectively. Under the constraint of η UL ≤ 1, the uplink voice capacity can be determined. The downlink capacity is limited by the transmission power of the base station P TOT and that can be expressed as [11] where N down , a i , P CCH , P N , L i , and i are the number of downlink users in their own cell, the orthogonal factor of the cell, the power required for common channel, the noise power, the path loss, and the average downlink other-to-own cell interference ratio, respectively. For a given P TOT , the downlink voice capacity can be determined.
CAC with guard channels
Based on the voice capacities of the WLAN and the cellular networks, we describe the proposed CAC scheme with guard channels. To implement priorities assigned to WLAN-only calls and downward vertical handoff calls, we employ two guard channels parameters, G w for the WLAN-only calls and G w vh for the downward vertical handoff calls, i.e., as depicted in Figure 3 , the downward vertical handoff calls can use the whole WLAN bandwidths, whereas the WLAN-only calls can be only admitted up to N w w = C w − G vh and the dual access calls can be allowed up to N w wc = C w − (G w + G w vh ). Similarly, two guard channels G hh for the horizontal handoff calls and G c vh for the upward vertical handoff calls are used in the cellular network. As shown in Figure 4 , the upward vertical handoff calls can be allowed up to the total capacity C c whereas the horizontal handoff calls can be allowed up to N 
Performance analysis
For the purpose of performance evaluation, we analyze call dropping and blocking probabilities. To this end, we formulate the proposed scheme using Markov chains. The state of a WLAN is described as a row vector − → n w = n w wc , n w w where n w wc and n w w are the numbers of dual access and WLAN-only calls in the WLAN, respectively. Similarly, the state of a cell can be described by a row vector
where n c wc and n c c are the number dual access calls and cellular-only calls in the cell, respectively. In this section, arrival rates of new calls in each system, handoff rates, and departure rate are first described. Using these rates, Markov chains are constructed. Then, a method to solve these chains is introduced. Eventually, the guard band optimization scheme is described.
Arrival rates in the WLAN
To derive the arrival rates in the WLAN, we define an indicator function I w as
where N w is a threshold to which a call is allowed up to, i.e., if a call can be admitted to the WLAN with the threshold, I w returns a "1", otherwise, it returns a "0". Therefore, the arrival rate of the dual access calls in the WLAN, λ w wc is given by 
where I dca w is the indicator function for the WLANonly calls and it equals to I w n w , N w w . Let π − → n w be the steady-state probability of − → n w in the WLAN. Then, dual access call blocking probability,B w,n wc , WLAN-only call blocking probability, B w,n w , and vertical handoff call dropping probability, B c→w wc can be obtained from
Arrival rates in the cellular network
Similar to the indication function in the WLAN, the indicator function I c for the cellular network is defined as 
Horizontal and vertical handoff rates
Dual access calls accepted by a WLAN can make upward vertical handoffs which rates can be obtained through the multiplication of the transition probability from the double coverage to the cellular only area,P w→c , and the accepted rates by a WLAN. The upward vertical handoff can be expressed as 
where the first and the second terms on the righthand side mean the accepted new dual access and vertical handoff calls from a cellular to a WLAN, respectively, and P w→c is obtained as
The calls admitted to a cellular network both in a double coverage and in a cellular-only area can make downward vertical handoffs to a WLAN. Their arrival rates can be obtained as 
where the first term on the right-hand hand side means the vertical handoff rates of the dual access calls accepted by the cellular network in double coverage areas, the last terms on the right-hand side means the vertical handoff rates of dual access, horizontal handoff, and vertical handoff calls accepted to the cellular network in the cellular only area. Here, P c→w dca and P c→w coa are the vertical handoff probabilities of the calls accepted in the double coverage area and the cellular only area, respectively. The P c→w dca can be evaluated as follows:
From [12] , P T v > T ca wc,dca can be computed from
where Both cellular-only calls accepted by a cellular network in a double coverage area and in a cellular-only area can make horizontal handoffs. The horizontal handoff rate can be obtained through multiplication of the transition probability to the neighboring cell and thus the accepted rates can be expressed as 
where the first term on the right-hand side means the horizontal handoff rates of accepted cellular-only new calls in the double coverage area and the second term refers to those of new calls accepted in the cellular-only area and the horizontal handoff calls. The transition probability in a double coverage area to a neighboring cell, P c→c c,dca , and the transition probability in a cellular-only area to a neighboring cell, P c→c c,coa , can be obtained from
Similarly, the horizontal handoff of dual access calls can be obtained from 
Departure rates
Departure rates can be obtained from the channel holding time which is the minimum time between the service time T v and the residence time T r . If T v and T r are independent and T v follows an exponential distribution with mean 1/μ v , the expectation value of the channel holding time can be obtained as
where f Tr is the probability density function (pdf) of the residence time T r . Equation 20 can be re-written with Laplace transformation as
where f * T r is the Laplace transformation of f T r . Both dual access and WLAN-only calls accepted in the WLAN will release their channels when they move out the WLAN coverage or they are terminated. Therefore, by Equation 21, the departure rates of dual access and WLAN-only calls, denoted by μ w wc and μ w w , respectively, can be expressed as μ 
For the sake of tactical analysis, for cellular-only calls, we use the average departure rate, μ c c , which is given by 
State diagrams for WLANs and cellular networks
With arrival and termination rates mentioned above, the state diagrams in WLANs and cellular networks are illustrated in Figures 6 and 7 , respectively. The state-dependent transition rates in 
Iterative methods for computing steady-state probabilities
After obtaining the arrival and the departure rates, we need to compute the steady-states π − → n w and π − → n c .
However, the states of the WLAN and the cellular networks are not independent due to the retrials of dual access calls blocked in WLANs and vertical handoffs. Hence, we use an iterative approach in which one-step results for one network are used for inputs for obtaining the steady states in another network [9] . The detailed algorithms are as follows: 
(2) 
(7)
(8) 
(8) Figure 7 Markov chain of the proposed scheme in cellular networks. 
Optimization problem
In the proposed CAC scheme, guard bands play key roles in the performance. Therefore, to obtain the guard bands for the optimal performance, we formulate the optimization problem to minimize the blocking probabilities, which is equivalent to maximizing the accepted calls. The linear cost function for the optimization problem, Q, can be expressed as
where a new , a hh , and a vh are weighting factors for blocked new, horizontal handoff, and vertical handoff calls, respectively, Q new , Q hh , and Q vh are the cost function for accepted new, horizontal handoff, and vertical handoff calls and they are given by 
Q
The above optimization problem can be solved by means of exhaustive search or meta-heuristic algorithms [9, 13] .
Simulation results
In this section, we present analytical and simulation results of the proposed scheme compared with the WLAN-first scheme [7] that has guard bands for horizontal handoff and vertical handoff calls. For the simulations, Matlab 7.0 is used. It is notes that the WLAN-first scheme does not consider single-interfaced MSs.
To determine the voice capacity of the WLAN, we assume G.711 codec with a sampling rate of 20 ms, which generates voice packets of 80 bytes. Then, based on the description in Section 3.2, the voice capacity is given by 11 calls. On the other hand, for the voice capacity in cellular networks, the power of the base station P TOT and the power of the common channel P CCH are set to 20 and 3.6 W, respectively. In addition, the chip rate, W, is 3.84 Mcps and the voice data rate is assumed as 12.2 kbps with the adaptive multi-rate (AMR) codec.
The values of E b N 0 for uplink and downlink are set to 5.9 and 7.4 dB, respectively. The voice activity is 50%, which leads the physical layer activity factor of 67% in uplink and 58% in downlink. The downlink orthogonality is 0.5 and other-cell to own-cell interference ratio is 0.65 [11] . Based on these parameters, the voice capacity of a cell, C c , is set to 70. Based on [7] , the mobilityrelated parameters have the following values: 1/η co = 10 min, 1/η dc = 14 min, p coa dca = 0.24, and p coa coa = 0.76.
Proposed scheme versus WLAN-first scheme
We first analyze the call blocking probabilities when N w wc = 6, N w w = 9, N c n = 60, and N c hh = 65. It is noted that the blocking probability of WLAN-only calls can be computed by considering only blocking in the WLAN. On the contrary, dual access calls are blocked when they are blocked in both the WLAN and the cellular network.
From Figure 8 , it can be seen that the blocking probability of the WLAN-only calls is unfairly higher than that of dual access calls. Moreover, with the increase of the arrival rates of the dual access calls, the blocking probability of the WLAN-only calls significantly increases. This is because the WLAN-only and dual access calls are treated with the same priority in the WLAN-first scheme even though the dual access calls have additional chances to access cellular networks. On the other hand, the proposed scheme gives a higher priority to WLAN-only calls using the threshold, N w wc , which dual access calls are allowed up to. Hence, in the proposed scheme, the WLAN-only calls are protected from the increase in the blocking probabilities in case of the arrival rates of dual access calls exceed a certain threshold.
From Figure 9 , it can be shown that WLAN-only calls exhibit low blocking probabilities in the proposed scheme if the arrival rate of the WLAN-only calls is low. This is because WLAN-only calls are protected from dual access calls by means of the guard bandwidth with thresholds, N w w = 6 and N w w = 9. Figure 10 illustrates the total number of blocked calls in the WLAN-first and proposed schemes. It can be found that the proposed scheme shows a lower number of blocked calls (or better utilization) than the WLANfirst scheme even though the guard bands are not optimized.
Guard band optimization
We use 1, 7, and 10 for the values of the weighting factors, a n , a hh , and a vh for the optimization problems, respectively. The weighting factor for vertical handoff calls with the highest priority is set to be 10 and that for horizontal handoff calls is set to 7, since these calls have lower priority than vertical handoff calls.
We first consider medium traffic load in the cellular network with λ dca c = 5, λ coa wc = 5, and λ coa c = 5 and evaluate the proposed scheme in the double coverage area. Results for the optimization problem with this case are illustrated in Figure 11 and the corresponding thresholds N w wc and N w w are given in Figure 12 . It can be seen that, for a given arrival rate of WLAN-only calls, the difference in the cost values between the proposed scheme and the WLAN-first scheme increases as the dual call arrival rate increases. When the arrival rate of the WLAN-only calls is low, the proposed scheme increases N w wc to utilize more WLAN bandwidths. On the other hand, when the arrival rate of WLAN-only calls is high, the proposed scheme sets N w wc to a low value, which makes more dual access calls try to cellular networks, which results in reduced blocking probabilities. Figure  11 also shows that the effectiveness of the proposed scheme against the WLAN-first scheme slightly increases as the arrival rate of the WLAN-only calls increases for a given arrival rate of dual access calls. Figure 13 highlights the gain of the proposed scheme against the WLAN-first scheme and distributed access scheme [8] . As shown in Figure 13 , at low arrival rates of WLAN-only calls, the distributed access scheme shows better performance than the WLAN-First scheme since dual access calls are distributed to WLAN and cellular networks. On the other hand, the distributed access scheme and the WLAN-first scheme exhibit comparable performance as the arrival rate of WLAN-only calls increases since WLAN-only calls are not fairly treated. However, it can found that the proposed scheme can reduce the blocking cost by treating WLAN-only calls in a better way. Figure 14 shows the blocking cost as a function of residence time in the double coverage area. From Figure 14 , it can be seen that the proposed scheme has better performance even in high mobility conditions than the WLAN-first scheme and the distributed access scheme.
To verify numerical analysis, we perform even-driven simulation using MATLAB with the same arrival and departure rates as used for numerical analysis. In Figure  15 , analytical and simulation results for the cost value Q and thresholds N w wc and N w w are shown together for the comparison as function of dual access call arrival rate with λ dca w = 1, λ dca c = 5, λ coa wc = 5, and λ coa c = 5. As shown in Figure 15 , analytical and simulation results are well matched.
In the second case, we consider heavy traffic loads in the cellular network with λ dca c = 10, λ coa wc = 10, λ coa c = 10. From Figure 16 , it can be found that the proposed scheme has comparable performance to the WLAN-first scheme. When the traffic load in the cellular network, dual access calls are more likely to be blocked by the cellular network in the double coverage area, and these calls will be redirected to the WLAN. Since this operation is similar both in the proposed scheme and the WLAN-first scheme, they show comparable performance under this situation.
Conclusions
In this article, we propose a voice CAC scheme that considers heterogeneous MSs with WLAN-only, cellular only, and both interfaces in cellular/WLAN-integrated 
